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C. elegansSingle-molecule techniques (SMT) provide the possibility to quantitatively analyze the action of single
molecules. SMTs can resolve the distribution of states of an ensemble of molecules, collecting information
that is otherwise not accessible by typical ensemble techniques. Until now, the application of SMTs in
developmental biology was limited. Several recent studies illustrate the possibility to investigate the
behavior of single biological molecules in invertebrates such as Caenorhabditis elegans and transparent
embryos of model teleosts. These studies have paved the way for the application of ﬂuorescence-based SMTs,
e.g. ﬂuorescence correlation spectroscopy, ﬂuorescent energy transfer, or single particle tracking, in
developmental biology. This review aims to deﬁne SMTs applicable in developmental biology, and discuss
properties of an ideal animal model.at Cancer and Developmental
logy, A-STAR, Singapore.
ll rights reserved.© 2010 Elsevier Inc. All rights reserved.Introduction
Until recently, studying the biological properties of proteins was
limited to the analysis of molecules in complexes; crystallography or
electron microscopy, for example, could only reveal the structural
details of molecules in a static state without any kinetic or dynamic
information. With the recent inception of single-molecule techniques
(SMT), there is now the possibility to analyze the properties of
individual molecules with good spatial and temporal resolution. The
application of SMTs has been extremely successful in vitro, however
these methods are only beginning to be applied in vivo. Previously,
even when SMT approaches are applied to analysis of biological
phenomena in living cells, theywere used to study events taking place
under in vitro conditions, such as in test tubes or in cell cultures.
The full potential of SMT for live cell imaging, particularly in live
animals, remains underutilized. To a large extent, this derived from
the interdisciplinary gap previously isolating physicists and biolo-
gists: physicists develop sophisticated instruments that permit
analysis at a single-molecule level, but lack the knowledge of living
systems; and biologists, capable of maintaining and manipulating
living cells or model animals, are unable to adapt these models to SMT
due to the lack of access and/or skills to use these instruments. Now,as the interdisciplinary gap between physics and biology is being
bridged, the possibility to accurately assess and measure the behavior
of biological molecules in vivo is within reach. The critical demand to
join the two disciplines was likely aided by the fact that many SMTs
are based on ﬂuorescence, which is particularly suitable for studying
living organisms.
Several important discoveries have been made since SMT ﬁrst
became available. In the 1970s, a single ﬂuorescent molecule was
detected in solution (Hirschfeld, 1976) and provided the ﬁrst proof-
of-principle that single-molecule analysis was possible. This was
followed by the application of natural ﬂuorescent proteins (FP) from
the jellyﬁsh Aequorea Victoria, and their genetically modiﬁed
derivatives, for cell biological studies (Shimomura et al., 1962; Chalﬁe
et al., 1994; Ormo et al., 1996). This later led to a major effort in
developing novel types of FPs from other marine organisms, such as
corals and sea anemones, with improved or different spectral
characteristics (Campbell et al., 2002; Labas et al., 2002; Shaner
et al., 2004; Shcherbo et al., 2007). As a result, the usefulness of FP for
SMTs, such as ﬂuorescence correlation spectroscopy (FCS), was soon
recognized (Terry et al., 1995).
When kept in culture, even genetically identical cells are rather
heterogeneous. Thus, it is evident that cells from multicellular
organisms are very distinct in terms of their biological activity.
What remains less clear is whether the intrinsic basic properties of
biological macromolecules vary as much as the biological activity of
cells maintained under in vitro conditions versus those cells in the
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analysis using SMTs on cells in culture and in the multicellular
organismwas required. This was achieved using several ﬂuorescence-
based single-molecule detection techniques to study the biological
processes taking place in cell culture in vitro and in vivo in transparent
animals, such as worms (Caenorhabditis elegans), or transparent
embryos of model vertebrates, such as zebraﬁsh (Danio rerio) and
medaka (Oryzias latipes). These pioneering studies were largely
focused on establishing the possibility to use SMT approaches for in
vivo studies. Only now is the complexity of biological processes at the
single-molecule level in multicellular organisms beginning to be
unraveled. Here, we review the applications for which SMTs are
employed in vivo.
SMT for in vivo developmental studies
Fluorescence correlation spectroscopy
Fluorescence correlation spectroscopy (FCS, Fig. 1) was developed
almost 40 years ago (Magde et al., 1972). FCS is a very sensitive
technique that depends on the statistical analysis of ﬂuctuations in
ﬂuorescence measured from a small observation volume. The
ﬂuctuations contain the information about the dynamics of the
molecules responsible for the ﬂuorescence emission. Any molecular
process which changes the ﬂuorescence in the observation volume
can thus be observed and can be analyzed via correlation functions.
The normalized autocorrelation function (ACF) is deﬁned as:
G τð Þ = hF tð Þ⋅F t + τð ÞihF tð Þi2Fig. 1. Fluorescence correlation spectroscopy (FCS). (A) The laser focus of a confocal micro
excitation this can be achieved up to 50–100 μm depth. (B) Fluorescently labeled molecules m
ﬂuorescence signal thus contains information about the number of molecules and their m
treatment of the data) is calculated to extract the average behavior of the molecules. The
concentration, respectively. The resulting autocorrelation curve is ﬁtted to an appropriate m
(D, E, F) Typical changes seen in an ACF for the change in different parameters. (D) Diff
characteristic changes of the shape of the ACF. (E) A change in concentration will change th
characteristic time for a motion will change the width of the ACF; the slower the movemenwhere h:::i denotes time average and F(t) is the ﬂuorescence intensity
at time t. Once autocorrelation analysis is performed, the experimen-
tal ACF curves are properly ﬁtted using the appropriate mathematical
model for the process under investigation (Krichevsky and Bonnet,
2002; Bacia and Schwille, 2007; Shi and Wohland, 2010). Commonly,
the diffusion of particles is observed, for which the appropriate ﬁtting
model for FCS is well known. Adjustments in the diffusion coefﬁcient
due to changes in the local environment of a particle or its binding can
then be monitored and evaluated.
Bymeasuring ﬂuctuations in ﬂuorescence of single molecules, data
describing the dynamic behavior of these emitters is obtained and
used to calculate their concentration and diffusion coefﬁcients. These
parameters provide enough information to derive secondary para-
meters including dissociation constants and stoichiometry of binding
(Rauer et al., 1996; Van Craenenbroeck and Engelborghs, 1999;
Wohland et al., 1999), aggregation and transient binding times
(Starchev et al., 1998; Eggeling et al., 2009), and protein interaction
with membrane components and, in particular, its lipids (Pramanik
and Rigler, 2001; Bacia et al., 2004; Kahya et al., 2004; Briddon and
Hill, 2007).
Recently, FCS has been applied to in vivo analyses of various
problems of developmental biology and physiology. It was ﬁrst
introduced to investigate molecular dynamics in live organisms, as
well as to determine ﬂow direction and velocities in zebraﬁsh blood
vessels (Pan et al., 2007b). The early use of FCS analysis to determine
diffusion coefﬁcients began with ex vivo experiments. Medaka
embryos were dissected and the dynamic properties of green
ﬂuorescent protein (GFP)-labeled nuage proteins were analyzed in
primordial germ cells using FCS and ﬂuorescence recovery after
photobleaching (FRAP) (Nagao et al., 2008). These approaches were
then employed to study the localization and redistribution ofscope is positioned at a point of interest within the living sample. Using one-photon
oving through the confocal volume give rise to ﬂuorescence intensity ﬂuctuations. The
ovement. (C) The autocorrelation function (ACF) of the intensity signal (a statistical
width and amplitude of the ACF provide information about molecular movement and
odel function to extract the characteristic time scales and concentration of the system.
erent modes of motion, including different modes of diffusion or ﬂow will result in
e amplitude of the ACF; the higher the concentration, the lower the amplitude. (F) The
t, the wider the ACF.
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division of C. elegans embryos (Petrasek et al., 2008), and later, to
investigate chromatin binding protein dynamics during development
of the Drosophila embryo (Bhattacharya et al., 2009).
In parallel, attempts were made to adapt this approach for the in
vivo analysis of blood ﬂow and other biological processes in
transparent zebraﬁsh embryos. A combined laser scanning confocal
microscopy (LSCM) and FCS system for uncompromised imaging and
spectroscopy measurements was developed. Scanning the laser beam
with a deﬁned speed and direction was used to measure the ﬂow
direction in developing capillaries of zebraﬁsh embryos at an optimal
resolution of at least 3 μm (Pan et al., 2007a,b; Korzh et al., 2008; Pan
et al., 2009). Subsequently, this approach was extended to determine
blood ﬂow velocities with high spatial resolution, and together, the
diffusion coefﬁcients of cytosolic and membrane-bound enhanced
GFP (EGFP)-labeled proteins in muscle and neurons of living embryos
was evaluated (Shi et al., 2009b).
Finally, FCS has been used to investigate in vivo protein-protein
interactions in two different applications. First, single wavelength
ﬂuorescence cross-correlation spectroscopy was used to measure the
interaction of Cdc42, a small Rho-GTPase, and IQGAP1, an actin-binding
scaffolding protein, in cultured cells and zebraﬁsh embryos. The results
emphasise that bimolecular interactions depend on thebiological system
under investigation, and that analyses need to be performed under
physiologically-relevant conditions (Shi et al., 2009a). In the second
application, static-volume, two-focus and dual-color scanning ﬂuores-
cence correlation spectroscopywas combined to quantify themobility of
ﬁbroblast growth factor receptors, Fgfr1 and Fgfr4, in cell membranes of
living zebraﬁsh embryos and determine their in vivo binding afﬁnities to
Fgf8. Furthermore, this technique was used to demonstrate that a freely
diffusing morphogen (FGF8) can set up concentration gradients in a
complex multicellular tissue by a simple source-sink mechanism (Ries
et al., 2009; Yu et al., 2009).
Up to now, the application of FCS in living organisms is still
challenging due to the thick tissue induced light scattering. Taking
advantage of the recently developed microscopic techniques, a number
of custom-made FCS microscopic systems have been realized to
overcome this problem. One of these extensions to FCS is the use of
two-photon excitation. In this case, the penetration depth can be greatly
increased. Combined with FCS, it may enable detection of protein
dynamics at the singlemolecule level up to several hundreds ofmicrons
into the tissue of living organisms (Helmchen and Denk, 2005) with
advantages in respect to reduced out-of-focus photobleaching and less
phototoxicity to cells. Another method capable of monitoring biomo-
lecular behavior within thick tissue is selective plane illumination
microscopy (SPIM), which visualizes a specimen with a thin light sheet
orthogonal to the objective and parallel to the focal image plane
(Huisken et al., 2004). Unlike conventional confocal microscopy in
which the entire specimen is exposed for each plane, only one plane is
illuminated and observed at a time in SPIM, thus greatly reducing the
radiation exposure to the specimen and signiﬁcantly increasing the
period of observation. Recently, Wohland and colleagues have reported
SPIM-FCS to be used for concentration and diffusion coefﬁcient imaging
in non-homogeneous samples and zebraﬁsh embryos (Wohland et al.,
2010).
Single particle tracking
Single particle tracking (SPT) is the observation of the motion of
individual particles within a medium. The coordinate of a certain
particle over a series of time steps is referred to as a trajectory. The
information garnered from this trajectory can then provide useful
information about the mechanisms that drive and constrain the
particle motions.
By now, in vitro SPT techniques have been well established as
powerful biochemical tools that can reveal the dynamic nature ofproteins and nucleic acids (Joo et al., 2008). Although possessing great
advantages for the detection of subpopulation behaviors in complex
environments, the application of SPT in vivo is still limited. One major
holdback is the low signal-to-noise ratio (SNR), which is primarily
caused by cellular autoﬂuorescence. This optically challenging
situation can be improved by applying particular illumination
schemes such as total internal reﬂection or selective plane
illumination.
In Total Internal Reﬂection (TIR) microscopy, light exits the
microscope objective as a highly inclined, parallel light beam. When
the beam encounters the glass-water interface of the cover slide, all of
the light will be reﬂected if the angle of inclination is higher than the
critical angle θc; this angle is determined by the refractive indices of
water and glass (sinθc=nwater/nglass). However, at the glass-water
interface, a thin evanescent wave is formed. This evanescent wave is
used in Total Internal Reﬂection Fluorescence (TIRF) (Fig. 2) to
illuminate and excite ﬂuorophores immediately adjacent to the glass-
water interface (Axelrod, 2001). When TIRF is applied to a biological
specimen, it illuminates a very narrow layer above the glass slide (less
than 100 nm) where a biological specimen is attached, such as a cell
membrane. In addition, the adjacent cytoplasmic region and any
protein movement in this area is accessible for analysis. This allows
the user to observe the ﬂuorescence of a single molecule as it moves
within the membrane and/or adjacent region, or as it interacts with
other labeled molecules.
YFP-C10H-Ras is widely used as a model molecule for proteins
anchored in the cytoplasmic leaﬂet of the plasma membrane and,
because it is biologically inert, it serves as a probe for detecting
changes in the organization of the plasma membrane. In combina-
tion with wide-ﬁeld microscopy, TIRF microscopy was used in a
comparative analysis of membrane distribution of this molecule in a
zebraﬁsh cell line (ZF4, in vitro), in primary embryonic stem cells
(ex vivo), and cells of epithelium of 2-day-old zebraﬁsh embryos (in
vivo) to reveal the size variation of microdomains (lipid rafts) in all
these different cells (Schaaf et al., 2009). Here a home-built
microscope equipped with a 100x oil-immersion TIRF objective
(NA 1.45, Nikon, Tokyo, Japan) was used. This provided a proof-of-
principle that TIRF could be used for in vivo studies of superﬁcial
cells of the zebraﬁsh embryo. Based on the results of this study, the
authors proposed that this method can be applied to other
membrane proteins, and can even be extended to cytoplasmic or
nuclear proteins by using a variant of TIRF based on the highly
inclined thin illumination technology (Konopka and Bednarek,
2008; Tokunaga et al., 2008).
Apart from TIR microscopy, SPIM provides another way to conduct
single particle tracking in vivo with higher spatial resolution. The
application of this technique in model organisms has been recently
reported which enabled fast imaging and optical penetration beyond
300 μm (Ritter et al., 2008; Friedrich et al., 2009) (Fig. 3).
In many biological systems, single molecule dynamics differs from
Brownianmotion. For example, in heterogeneous cell membranes, the
diffusion coefﬁcient of the same protein may vary due to protein–
protein interactions, active transport, cytoskeleton interactions or
conﬁnement, and lipid microdomain (Owen et al., 2009). Despite the
fact that FCS has been shown to be able to measure anomalous
subdiffusion (Weiss et al., 2004; Malchus and Weiss, 2010), SPT is
mostly the method of choice to identify anomalous sub-diffusion and
the relative diffusion rates in different regions of the sample. When
only a few, well separated molecules are ﬂuorescently-labeled, their
locations in consecutive image frames can be decided to form
trajectories and from the mean-square displacement (MSD), the
diffusion coefﬁcients can be derived. Recently, a new analysis
algorithm named mean maximal excursions (MMEs) has been
shown to have better evaluation of the subdiffusion processes
(Tejedor et al., 2010). And the idea of considering cell topography,
and thus taking account of the actual 3 D cellular structure, has been
Fig. 2. Total internal reﬂection ﬂuorescence (TIRF) microscopy. (A) A TIRF microscopy is used in which an evanescent excitation ﬁeld at the coverglass-specimen interface excites
molecules within b100 nm of the coverglass. Since the evanescent wave does not reach into the bulk of the tissue, no other molecules are excited, resulting in a low background for
TIRF. (B) Schaaf et al. recently mounted a living embryo to posit the apical membranes of the outer cell layer of the embryo's skin within the evanescent ﬁeld (Schaaf et al., 2009). (C)
The trajectory of single ﬂuorescent molecules can be tracked over time in the embryo. (D) By connectivity analysis between consecutive images, the squared displacements of the
molecules were determined for each time lag used. From this graph the mobility and changes in mobility can be evaluated for each molecule.
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introduced by an unwarranted assumption of sample ﬂatness which is
often not fulﬁlled on cell membranes (Adler et al., 2010). These 3D SPT
techniques promise to give a more accurate picture of single molecule
trajectories and thus provide more information on the underlying
mechanisms.
Compared to FCS, SPT provides direct information about trajecto-
ries of individual molecules which can yield essential clues to reveal
the mechanism causing subdiffusion in biological systems. However,
SPT is only suitable for relatively low ﬂuorescent protein expression
levels and the statistical analysis is limited unless a large number of
molecules are tracked in each experiment. Finally, SPT in three
dimensions remains difﬁcult due to the generally rapid diffusion as
well as limitations in determination of particle z positions. In this area,
SPIM has shown great potential (Fig. 3). In future, by achieving the
requirements of high spatial and temporal resolution, high contrast
and high imaging rates, SPIM may allow the direct tracking of single
particles within living organisms in full three dimensions (Ritter et al.,
2008).
Single-molecule Fluorescence Resonance Energy Transfer (smFRET)
Fluorescence Resonance Energy Transfer (FRET) takes place via a
dipole-dipole interaction between a donor and an acceptor ﬂuor-
ophore when they are within 10 nm of each other (Fig. 4). The
efﬁciency of energy transfer, E, between these two ﬂurophores is
given by:
E =
R60
R60 + R
6where R is the distance between the donor and acceptor, and R0 is the
distance at which 50% of the energy is transferred, and is a function of
the properties of the dyes that are used (Liu et al., 2008). A small
change in distance between the two sites of a biologicalmoleculewhere
donor and acceptor are attached can result in a sizeable change in E.
Therefore, structural changes of biological molecules or relative motion
between two different molecules can be detected via FRET changes.
In biological studies, a key application of the FRET principle is
through the use of FRET-biosensors, which are usually fusion proteins
of enhanced cyan ﬂuorescent protein (ECFP) and enhanced yellow
ﬂuorescent protein (EYFP) (or other appropriate pairs, such as EGFP
and amonomeric red ﬂuorescent protein) linked by a sensory domain.
This domain responds to changes in certain cellular parameters by a
conformational modiﬁcation, leading to an altered FRET signal. Using
appropriate sensory domains, several second messenger molecules
and signaling processes have been studied in vivo and ex vivo
including: recording cAMP signaling (Lissandron et al., 2007; Shafer
et al., 2008); determining the spatiotemporal pattern of caspase
activation in Drosophila (Takemoto et al., 2007); imaging dynamic
intracellular Ca2+ changes during gastrulation of the zebraﬁsh
(Tsuruwaka et al., 2007); monitoring cation channel activation in
zebraﬁsh (Richler et al., 2008); and analyzing the activity of GTPases
in Xenopus (Matthews et al., 2008). In addition, FRET has also been
successfully used to monitor protein-protein interactions in living C.
elegans (Wagner et al., 2009) and conformational changes in the Na+/
Ca2+ exchanger in zebraﬁsh (Xie et al., 2008).
While FRET has proven to be a powerful tool to measure
interactions and conformations, it only provides the ensemble
average of many molecules. Therefore, extending this approach to
the single-molecule level would reveal more information; for
example, it would provide information on heterogeneous
Fig. 3. Selective plane illumination microscopy (SPIM). In SPIM, ﬂuorescence excitation
anddetectionare split into twodistinctoptical paths. The illuminationaxis is orthogonal to
the detection axis. A microscope objective lens and common wideﬁeld optics are used to
image the sample onto a CCD camera. A typical SPIM setup consists of the sample
mounting, illumination and detection units. Samplemounting and positioning are needed
to position the biological sample within the illumination and detection optics. The
illumination optics are designed to illuminate a very thin sheet around the focal plane of
the detection objective. The ﬂuorescence from the sample is imaged onto one or more
cameras by the detection optics. The advantage of SPIM is that all parts of the embryo
illuminated are actually observed, thus limiting the light dose necessary for imaging a
whole specimen. Compare, for example, confocal microscopy in which for each image
point a large portion of the specimen has to be illuminated. This allows SPIM to takemore
measurements per time unit, aswell asmore overall measurements per sample compared
to confocal microscopy. When using a fast camera single particle tracking, FCS and other
single-molecule techniques can be realized with this setup.
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dynamic transitions that would usually be hidden by ensemble
averaging. Recent advances in illumination, detection and laser
technologies allow for the observation of biological processes at the
single-molecule level using FRET (smFRET). This technique may
provide the answer to various biological questions for both intramo-
lecular interactions, such as conformational dynamics of DNA, RNA,
and proteins, as well as intermolecular interactions, such as proteins
with DNA, RNA, and other ligands. However, most of these studies are
conducted using puriﬁed components in vitro and, as such, these
measurements may lack physiological relevance. Applying smFRET in
an in vivo setting could address this issue, but such live-cell
applications are challenging. Recently, smFRET was combined with
single-particle tracking in live cells to detect the conformation of
individual proteins using TIRF microscopy with spectrally-resolved
detection for smFRET analysis (Sakon and Weninger, 2010). This
revealed how individual SNARE proteins, ﬂuorescently-labeled with
FRET donor and acceptor, rapidly incorporate into folded complexes at
the cell membrane. A similar approach was used to monitor protein
folding stability and dynamics in cell culture, and these ﬁndings
allowed the authors to detect the inﬂuence of a crowded cell
environment on protein stability and folding rate (Ebbinghaus et al.,
2010). It seems that the next logical step would be to extend this
approach to the transparent embryos of model teleosts, similar to
what has previously been employed for FCS.A comparison between the ﬂuorescence techniques
To date by far not all possible ﬂuorescence techniques have been
advanced into animals. Therefore we restrict our comparison here, tothe above mentioned three SMTs, FCS, SPT and smFRET, which have
been used in organisms. FRET or smFRET is a very popular technique
to measure molecular interactions. It has a range of advantages not
matched by the other two techniques. Firstly, FRET allows not only the
measurement of interactions but can as well yield information on the
distance of the two interacting proteins and thus on structural details
of the complex. In addition, FRET can be conducted on widely
commercially available microscopes and does not require customized
instrumentation. And this is even partly true for smFRET which can be
conducted on a total internal reﬂection ﬂuorescence (TIRF) micros-
copy setup (Sakon andWeninger, 2010). However, for measurements
inside an embryo some customization might be advantageous. The
disadvantage of FRET is that it is dependent on the distance and
orientation of the donor and acceptor ﬂuorophores. It thus can lead to
false negative results due to unfavorable ﬂuorophore conﬁgurations.
This is not a problem in ﬂuorescence cross-correlation spectroscopy, a
two-color modality of FCS, which requires only the concerted
movement of two labeled particles to determine their interaction
and is independent of ﬂuorophore distance and orientation. In
addition, FCS yields information on concentrations and molecular
dynamics, in particular the diffusion coefﬁcient of labeled particles. By
measuring these parameters many secondary parameters, including
ligand–receptor binding, protein association, aggregation events, or
transport and biomolecule trafﬁcking have been determined for a
wide range of biological problems (Mutze et al., 2010). The
measurements are fast (b 1 min down to seconds), have single
molecules sensitivity and commercial instruments are widely avail-
able. It should be noted though that despite its sensitivity, FCS does
not follow single molecules, but due to its inherent data treatment by
correlation functions gives statistical averages of diffusion coefﬁ-
cients. If it is necessary to access the distribution of diffusion
coefﬁcients for one particle in time or for many particles, SPT is the
better option. SPT truly follows a single particle, with resolutions on
the order of 10 nm or less. It can monitor changes in diffusion
coefﬁcient over time and space, which would be averaged in FCS, and
can give more detailed information about the molecular system
(Pinaud et al., 2009; Leptihn et al., 2009). It should be noted that if
trajectories can be followed for sufﬁciently long times, the trajectories
could even give a high resolution picture of the underlying biological
structure (if it is sufﬁciently static and does not change over the same
time as the single molecule movement) without the need of high
labeling densities as required in super-resolution techniques. The
disadvantage of SPT is that it has to work at very low concentrations
and needs very photostable ﬂuorophores, which often excludes the
use of the less photostable genetically encoded ﬂuorescent proteins,
which are commonly used in FRET and FCS. When these conditions
are fulﬁlled then SPT, especially the 3D implementation, has great
potential to yield new insights into biology.
The interested user has to carefully balance the need for
ﬂuorophores and labeling strategies with the need for temporal and
spatial resolution to decide on which technique is best for his
particular experiments. However, an approach using several comple-
mentary techniques to obtain a consistent overall picture of the
system under investigation is advisable.Will other SMTs be applicable for in vivo studies?
Some non-optical SMTs, such as electron microscopy or atomic
force microscopy, depend on the ﬁxation of biological materials, and
these techniques cannot be used for in vivo studies. Other non-optical
techniques, such as scanning ion conductance microscopy (SICM),
may at least for now remain limited to the analysis of cells in culture
(Korchev et al., 2000; Novak et al., 2009) due to the spatial limitations
imposed by in vivo analysis. Since this technique is not limited by the
transparent nature of the embryos, it may be adapted for studying the
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opposed to the fragile teleost embryos.
The recent invention of super-resolution ﬂuorescence microscopy
techniques allows locating ﬂuorescently-labeled probes with an
accuracy of just tens of nanometers, far surpassing the traditional
diffraction resolution limit. The rapid pace of development in these
techniques gives them the ability to image three-dimensional
structures, measure interactions by multicolor colocalization, and
record dynamic processes in living cells at the nanometer scale
(Huang et al., 2009). However, it should be noted that to reach super-
resolution a concomitant high labeling density has to be reached
whose effects on the biology of organisms has not been investigated
yet. Nevertheless, it is anticipated that these super-resolution
ﬂuorescence microscopy techniques may soon ﬁnd their way into
the area of in vivo studies at the single-molecule level.Is there an ideal model vertebrate animal for SMTs?
The ideal invertebrate species for SMT applications is already
available—C. elegans. Based on its properties as a model species, one
could instantly deﬁne the properties for an ideal vertebrate species for
SMTs. For it to be reminiscent of C. elegans, it would need to be
relatively small and transparent, even as an adult. Ideally, similar to
zebraﬁsh, it must be able to be manipulated for genetic and
developmental studies, easy to maintain, and able to produce a
large number of externally-fertilized eggs by natural spawning in
captivity. As mentioned earlier, even the wild-type zebraﬁsh, despite
its limitations, is useful for some SMT applications. The situation
certainly improves with introduction of the compound pigmentationFig. 4. FRET based biosensor. FRET is based on the nonradiative energy transfer from a
donor ﬂuorophore to an acceptor ﬂuorophore through dipole–dipole interaction. A
necessary condition for FRET is that the emission spectrum of the donor overlaps with
the absorption spectrum of the acceptor. Due to the strong distance and orientation
dependence of the dipole-dipole interaction, FRET pairs are conformationally sensitive
in the Angstrom range. This sensitivity can be used, e.g., in the detection of protein-
protein interactions if the two proteins are labeled with a donor-acceptor pair. In FRET
based biosensors, a ligand-induced conformational change alters the distance or
orientation between two ﬂuorescent proteins (donor and acceptor) linking with the
sensory domain. Often ﬂuorescent protein pairs, e.g. cyan and yellow ﬂuorescent
protein (CFP and YFP), are used as donor-acceptor pairs. These FRET-capable FPs can
then convert themolecular event of interest into a detectable change in FRET efﬁciency.mutant zebraﬁsh which are transparent, as compared with its wild-
type relative (White et al., 2008).
But is this the limit for transparent vertebrate species? Fortunately,
the class of Teleostei includes the largest number of vertebrate species,
and as adults they can typically be much smaller than zebraﬁsh (and
therefore completely transparent), or predominantly transparent. The
smallest vertebrate species of Teleostei from the peat marshes of
Sumatra, the Paedocypris progenetica, belongs to the family Cyprinidae,
(similar to zebraﬁsh), and measure only 7.9 mm in length as an adult.
According to its discoverers, this species has "a very rudimentary
skull", which leaves a large portion of the brain exposed (Kottelat
et al., 2006), making it very promising for neurobiological studies in
vivo. This exposure of the brain is due to the fact that the skeleton of
Paedocypris is characterized by reduction and loss of the later-
developing skeletal elements. Therefore, in many aspects, it resembles
that of a larval/early juvenile stage of its close relatives, such as
zebraﬁsh (Britz and Conway, 2009). Currently, a crucial shortcoming
in the use of this species is a lack of knowledge about its laboratory
maintenance, and an absence of any data that describes its genetics
and developmental biology.While it is obvious that a wealth of data in
these areas about the zebraﬁsh could be used as a guide, the studies of
Paedocypris remain limited to a few initial morphological
observations.
The second smallest vertebrate, also belonging to Cyprinidae, is
Danionella, which is represented by three rather similar species—D.
miriﬁca, D. translucida, and D. dracula. All are found in Burma, and on
average are 10 mm in length (Britz and Conway, 2009). These species
are even closer in evolutionary terms to zebraﬁsh, and there are
hobbyists’ reports of D. translucida reproduction in captivity. During
mating, the female lays several eggs that are probably about the same
size as that of zebraﬁsh (Roberts, 1986). Unfortunately, similar to
Paedocypris, these species of Danionella are currently not used in the
laboratory.
In the lineup of potential candidates for a species of choice for
SMTs, there are several so called glass ﬁshes, including Pristella
maxillaries (or the x-ray tetra), several species from a family
Ambassidae, including the Indian glassy ﬁsh, Parambassis ranga, and
a less likely candidate (due to its aggressiveness), the glass catﬁsh
(Kryptopterus bicirrhis) (http://www.ﬁshbase.org/home.htm).
Potential problems
As with any emerging ﬁeld, in vivo developmental and physiolog-
ical studies based on SMT face many challenges. The ﬁrst problem is
growth of the ﬁeld. The link between physicists and biologists is still
relatively fragile. This is reﬂected by the fact that most published
studies illustrate proof-of-principle and therefore out of necessity rely
heavily on well-established microscopic systems and biological
paradigms. Most of these techniques are far from being routine
techniques in developmental biology, and so far have not been
instrumental in changing existing dogmas based on in vitro ﬁndings.
This may change as a new breed of “developmental biophysicists”
start to feel equally comfortable in the “devbio” and optics
laboratories, and begin to integrate knowledge generated in both
ﬁelds of science.
The second problem is the intracellular delivery of labeled
compounds. From a point of view of cell economics and in the
absence of compelling quantitative data, it could be assumed that the
intracellular systems operate at almost full capacity. If any margin
exists, it should be limited. Even with the embryo of anamniotes,
which is provided with a great excess of various molecules and even
organelles, only some of this material is ready for immediate use. For
example, while the DNA injected into the embryo multiplies, the
situation appears different at the protein level. An evaluation of the
binding sites for housekeeping enzymes available in a teleost embryo
blastoderm demonstrated 20% surplus capacity; that is, at any
7X. Wang et al. / Developmental Biology 347 (2010) 1–8developmental stage, it seems to be somewhat limited (Klyachko
et al., 1982).
Therefore, one should be aware that in many instances an artiﬁcial
situation is created when there is a rapid increase in the amount of a
biologicalmolecule followingmicroinjection. Often it results in a gain-
of-function (GOF) phenotype, which creates an abnormal shift in
established and physiological proportions, or in the stoichiometric
ratio of various biological molecules. Thus, projects aiming to
quantitatively measure the ratio of various biologicals (e.g. ligand
and receptor) based on introduction of some of these components
inside the cell (usually labeled or tagged) should aim to maintain the
physiological ratio between the molecules being measured. This can
be achieved by proportionately depleting a pool of endogenous
molecules in parallel with the introduction of exogenous material. In
embryos of amniotes, this could be achieved by the loss-of-function
approach (LOF) using morpholino-based antisense oligonucleotides.
Maintenance of a “normal” or “wild type” phenotype after such
experimental procedure could be used to gauge whether, under
speciﬁc experimental conditions, a ratio of molecules remains within
a physiological range. Luckily, these fears may be unsubstantiated to a
large extent as the SMTs predominantly rely on as little labeled
material as possible, and in other situations no labeled material is
required at all as measurement is based on autoﬂuorescence (Korzh
et al., 2008).
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